Introduction
============

Anaplastic large cell lymphoma (ALCL) is an aggressive subtype of peripheral T-cell non-Hodgkin lymphoma that accounts for 10-15% of childhood lymphomas.^[@b1-1041428]^ Two systemic forms of ALCL are currently recognized based on the 2016 revised World Health Organization (WHO) lymphoma classification,^[@b2-1041428]^ according to the presence or absence of chromosomal translocations involving the anaplastic lymphoma kinase (*ALK*) gene at the 2p23 locus. Almost 90% of ALK-positive ALCL in children carry a characteristic t(2;5) (p23;q35) chromosomal translocation, leading to the intracellular expression of the oncogenic fusion protein nucleophosmin (NPM)-ALK.^[@b3-1041428]^ ALK fusion proteins are constitutively active tyrosine kinases that lead to the activation of several downstream pathways, such as MEK/ERK, STATs and PI3K/AKT/mTOR, which result in abnormal proliferation and cell survival.^[@b4-1041428],[@b5-1041428]^

Current standard therapies for ALCL in children and adolescents, most commonly based on short-pulse chemotherapy courses, reach event-free survival rates of 70%.^[@b1-1041428]^ However, some patients still fail therapy and continued therapeutic improvements with reduced toxicity are being pursued. Recently, targeted therapy against ALK using the dual ALK/MET tyrosine kinase inhibitor crizotinib has been shown to be effective in relapsed/resistant ALK-positive ALCL.^[@b6-1041428],[@b7-1041428]^ However, as reported for other tyrosine kinase inhibitors, escape mechanisms which allow cancer cells to overcome the effects of crizotinib have already been described in ALK-positive non-small cell lung carcinoma (NSCLC), inflammatory myofibroblastic tumors (IMT), and ALCL patients.^[@b8-1041428],[@b9-1041428]^

Recently, several studies performed in ALK-associated cancers, including ours in ALCL, demonstrated that macroautophagy (hereafter referred to as "autophagy") is induced following treatments with ALK tyrosine kinase inhibitors and acts as a cell survival-promoting mechanism restraining the cytotoxic effects of the drugs.^[@b10-1041428]^ Autophagy is a highly-conserved catabolic pathway and a dynamic process (autophagic flux) that is responsible for double membrane autophagosome synthesis, delivery of autophagic substrates to the lysosomes, and degradation of autophagic substrates inside lysosomes.^[@b11-1041428]^ In cancer, autophagy is often described as a cell survival-promoting mechanism, but cell death-promoting roles have also been reported according to the stage of cancer development and treatments administered.^[@b12-1041428]--[@b14-1041428]^ Thus, autophagy is considered to be a multifaceted regulator of cell death and outstanding questions remain as to how it interacts with other forms of cell death, including apoptosis and necrosis/necroptosis.^[@b15-1041428]^

Indeed, the inter-relationship between these different forms of cell death is extremely complex and the common underlying molecular machinery makes it difficult to distinguish one form from another.^[@b15-1041428]--[@b17-1041428]^ BCL2-family proteins regulate all major types of cell death, including apoptosis, necrosis and autophagy, thus operating as nodal points at the convergence of multiple oncological pathways.^[@b18-1041428]^ The pro-survival BCL2 family members, BCL2 and BCL2L1 (BCL-XL/S) have been reported to directly inhibit autophagy by binding to a BH3-like domain of the BECN1 autophagy protein.^[@b19-1041428]^ Lindqvist *et al*. have, however, recently proposed that pro-survival BCL2 family members indirectly inhibit components of the autophagy pathway by inhibiting the activation of BAX and BAK.^[@b20-1041428],[@b21-1041428]^

Deregulation of BCL2 and other anti-apoptotic proteins has been demonstrated to be an important resistance mechanism to treatments in solid tumors and hematologic malignancies.^[@b18-1041428]^ It has been proposed that the oncogenic properties of BCL2 could originate not only from its ability to block apoptosis but also from its capacity to inhibit BECN1-dependent autophagy, thus preventing BECN1-dependent autophagic cell death.^[@b22-1041428]^ This further supports BCL2 as a critical target for cancer treatment, and numerous BCL2 targeting strategies are being developed for therapeutic applications. These include pharmacological inhibitors, such as the highly selective BCL2 inhibitor venetoclax (ABT-199)^[@b23-1041428],[@b24-1041428]^ and, more recently, BCL2-targeted DNAi^[@b25-1041428]^ or microRNA mimics like miR-34a.^[@b26-1041428]--[@b28-1041428]^

Here, we show for the first time that ALK inactivation in ALK-positive ALCL induces an increase in BCL2 levels, which could contribute to therapeutic failures of current ALK-targeted therapies. We found that BCL2 downregulation strongly potentiates the cytotoxic effects of crizotinib both *in vitro* and *in vivo*, by increasing the intensity of the autophagic flux as a support for subsequent cell death. Our data strongly suggest that the BCL2 protein, acting at the crossroads between different forms of cell death, is the keystone of an escape mechanism in therapeutically-challenged ALK-positive ALCL. Therefore, BCL2 downregulation in combination with crizotinib treatment could significantly improve clinical outcome in ALK-positive ALCL patients.

Methods
=======

Human cell lines
----------------

KARPAS-299, COST, and SU-DHL-1 ALK-positive ALCL cell lines which express the NPM-ALK fusion protein were originally obtained from DSMZ (German Collection of Microorganisms and Cell Culture, Braunschweig, Germany) or established in our laboratory.^[@b29-1041428]^ The ALK-negative ALCL cell line FE-PD was a kind gift from Dr. K. Pulford (Oxford University, Oxford, UK). Cells were cultured as previously described.^[@b30-1041428]^ The mRFP-EGFP-LC3 KARPAS-299 cell line (clonal cell population) was established in our laboratory (*Online Supplementary Methods*). This study was carried out in accordance with protocols approved by the institutional review board, and the procedures followed were in accordance with the Declaration of Helsinki of 1975, as revised in 2000.

Chemicals
---------

Crizotinib (PF-2341066) was synthesized and purchased from \@rtMolecule (Poitiers, France). Chloroquine was purchased from Sigma-Aldrich (St. Louis, MO, USA). Rapamycin was provided with the Cyto-ID Autophagy detection kit (Enzo Life Sciences, Switzerland). Stock solutions of crizotinib (500 μM), chloroquine (50 mM) were prepared in phosphate buffered saline (PBS). Stock solutions of rapamycin (500 μM) were prepared in dimethyl sulfoxide (DMSO).

Cell viability determination by MTS colorimetric measurements
-------------------------------------------------------------

The CellTiter 96AQueus One Solution Cell Proliferation assay (Promega, Fitchburg, WI, USA) was used according to the manufacturer's instructions to follow the growth of the cells and determine the number of viable cells.

Cell death measurements using annexin V/propidium iodide staining
-----------------------------------------------------------------

Analysis of dying cells was carried out using annexin V (Annexin V-PE) and propidium iodide (PI) staining (BD Biosciences), according to standard protocols. This was followed by flow cytometry using a MACSQUANT MQ10 (Miltenyi Biotec, Santa Barbara, CA, USA). Results were analyzed using FlowJo software (v.10, BD Biosciences).

Flow cytometric quantification of autophagic flux
-------------------------------------------------

Autophagic flux was either assessed on a stable clonal population of mRFP-EGFP-LC3-expressing KARPAS-299 cells, recently generated in our laboratory (*Online Supplementary Methods*) or on whole cell population of KARPAS-299, SU-DHL-1 and COST cells using the Cyto-ID- based procedure, according to the manufacturer's instructions (Enzo Life Sciences, Switzerland).

Confocal microscopy
-------------------

Cells were fixed (20 min, 4% PFA) on polylysine-coated slides (0.01%) and stained with DAPI using ProLong^®^ Gold Antifade Mountant with DAPI (Thermofisher, Waltham, MA, USA). Analysis by confocal microscopy (LSM-780, Zeiss) was performed in order to observe fluorescent signals in mRFP-EGFP-LC3 KARPAS-299 cells. Image analysis was performed using the ImageJ software (US National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
--------------------

Results are presented as mean values±Standard Error of Mean (SEM) from at least three independent experiments, unless otherwise indicated. Determination of statistical significance was performed using the two-tailed Student *t*-test for side-by-side comparison of two conditions. Statistical analyses of xenografted tumor growths were performed using the two-way analysis of variance (ANOVA) followed by the Bonferroni test using GraphPad Prism 6 software (GraphPad, San Diego, CA, USA). For all tests, statistical significance is indicated by: \**P*≤0.05; \*\**P*≤0.01; \*\*\**P*≤0.001; \*\*\*\**P*≤0.0001.

Results
=======

BCL2 levels inversely correlate with ALK expression and ALK activity in anaplastic large cell lymphoma cells
------------------------------------------------------------------------------------------------------------

Whereas overexpression of BCL2 is a classical feature in cancers, including hematopoietic tumors, previous studies reported very low levels of BCL2 in ALK-positive primary tissue samples.^[@b31-1041428],[@b32-1041428]^ To investigate whether there was a link between ALK and BCL2 expression, we first checked the relative abundance of these two proteins in three ALK-positive and one ALK-negative cell lines ([Figure 1A](#f1-1041428){ref-type="fig"}). BCL2 protein levels were found to be very low in the three ALK-positive cell lines tested (KARPAS-299, SU-DHL-1, and COST) but were much more abundant in the ALK-negative (FE-PD) cell line, suggesting an inverse correlation between the expression of NPM-ALK and BCL2. We then monitored BCL2 levels following treatment with the crizotinib compound for 24 hours (h) at the known plasmatic dose (500 nM) observed in patients^[@b30-1041428]^ ([Figure 1B](#f1-1041428){ref-type="fig"}). Our data indicate that the abolition of ALK kinase activity resulted in a consistent and highly reproducible increase in BCL2 levels in ALK-positive cells, with no effect in ALK-negative cells (for quantification, see *Online Supplementary Figure S1A*). ALK knockdown, through the use of a targeted siRNA, confirmed these results, showing an ALK-dependent increase in BCL2 levels ([Figure 1C](#f1-1041428){ref-type="fig"} and *Online Supplementary Figure S1B* for quantification). Finally, as crizotinib is known to inhibit both ALK and MET tyrosine kinases,^[@b6-1041428]^ we then checked the effects of the specific molecular downregulation of MET, using a targeted siRNA, on BCL2 cellular levels. We did not observe any increase in BCL2 levels following MET knockdown (*Online Supplementary Figure S2*). Thus, this result rules out the contribution of MET inactivation in the increase of BCL2 levels following crizotinib treatment. Altogether, these data support the existence of a strictly ALK-dependent BCL2 repression mechanism at work. Therefore, treating ALK-positive ALCL with crizotinib impairs this mechanism and leads to the re-expression of the *BCL2* oncogene.

![BCL2 levels inversely correlate with NPM-ALK expression and ALK tyrosine kinase activity in anaplastic large cell lymphoma (ALCL) cells. (A) Western blot showing NPM-ALK and BCL2 protein levels in ALK-positive (KARPAS-299, SU-DHL-1, COST) and ALK-negative (FE-PD) ALCL cell lines. β-actin served as the internal control to ensure equal loading. (B) Western blot showing BCL2 protein levels in ALK-positive and ALK-negative ALCL cells following 24 hours (h) of treatment with crizotinib (500 nM). The loss of NPM-ALK tyrosine phosphorylation (P-NPM-ALK, Y1604) served as an internal control to ensure efficiency of crizotinib. (C) Western blot showing NPM-ALK and BCL2 protein levels in ALK-positive and ALK-negative ALCL cells that were transfected with either a negative control siRNA (siCTL) or a siRNA targeting ALK mRNA (siALK) for 72 h.](1041428.fig1){#f1-1041428}

Increased BCL2 levels limit the cytotoxic effects of crizotinib
---------------------------------------------------------------

We next asked whether crizotinib-mediated increase in BCL2 levels could limit the cytotoxic effects of the drug. We thus performed viability assays, cell cycle analyses, and Annexin V/PI staining in cells that were knocked down or not for BCL2, and treated or not with crizotinib ([Figure 2](#f2-1041428){ref-type="fig"}). BCL2 knockdown (confirmed by western blot analysis) (*Online Supplementary Figure S3*) was achieved by RNA interference using either a targeted siRNA directed against BCL2 mRNA, or miR-34a mimics, another promising BCL2 targeting strategy for clinical application.^[@b26-1041428]--[@b28-1041428]^ Viability assays showed that BCL2 knockdown, which restrained BCL2 elevation in crizotinib-treated cells (without up-regulating other BCL2 family isoforms, including MCL1, BCL-XL/S and BCL-W; *data not shown*), significantly enhanced the effects of crizotinib, as only 20% of siBCL2-transfected cells remained viable after 72 h when compared to approximately 50% of siCTL- transfected cells ([Figure 2A](#f2-1041428){ref-type="fig"}). More pronounced effects on cell viability were obtained when BCL2 knockdown was achieved using miR-34a mimics, as only 6% of cells were viable at the end of the combined treatment.

![BCL2 downregulation potentiates crizotinib-induced loss in cell viability, which involves an increase in cell death. Twenty-four hours (h) after the transfection of BCL2-targeted interfering RNAs (siBCL-2 or miR-34a mimics), or their corresponding negative controls (siCTL or miR-Neg), KARPAS-299 were treated (or not) with crizotinib (500 nM) for 72 h. (A) Cell viability was assessed by MTS colorimetric measurement. Each set of data was normalized to its related untreated negative control condition (siCTL or miR-Neg) and represents mean±Standard Error of Mean (SEM); n=3. \*\**P*≤0.01; \*\*\**P*≤0.001; \*\*\*\**P*≤0.0001; unpaired Student *t*-test. (B) Flow cytometry analysis of cell cycle. Graph represents the mean percentage of cells in sub-G1, G1, S and G2/M phases. Data represent mean±SEM; n=3; Statistical analysis was performed by two-way ANOVA with Bonferroni correction; \*\**P*≤0.01; \*\*\**P*≤0.001; \*\*\*\**P*≤0.0001. (C) Flow cytometry analysis of annexin V-positive KARPAS-299 cells. Graph represents the percentage of annexin V-positive cells from six independent experiments±SEM. \**P*≤0.05; \*\**P*≤0.01; \*\*\**P*≤0.001; unpaired Student *t*-test.](1041428.fig2){#f2-1041428}

We then explored whether this loss in cell viability involved a decrease in cellular growth, by analyzing the effects of BCL2 silencing and/or crizotinib treatment on cell cycle distribution ([Figure 2B](#f2-1041428){ref-type="fig"}). We found that BCL2 downregulation using a targeted siRNA did not increase either the potent G1-S phase cell cycle arrest or the number of cells in sub-G1 phase observed following crizotinib treatment. On the contrary, the use of miR-34a mimics induced *per se* a blockade in G1 phase and an increase in the number of cells in sub-G1 phase, which were further potentiated upon crizotinib addition ([Figure 2B](#f2-1041428){ref-type="fig"}).

To better assess the effects of BCL2 knockdown on cell death, we performed Annexin V/PI staining. Our data first showed that crizotinib treatment (500 nM, 72 h) induced apoptosis, as reflected by a significant increase in the number of annexin V-stained cells in siCTL and miR-Neg conditions ([Figure 2C](#f2-1041428){ref-type="fig"}). Additionally, and in agreement with the sharp loss in cell viability observed in response to combined treatments, we observed that BCL2 knockdown triggered an increase in apoptotic cell death in crizotinib-treated cells, as revealed by both a significant increase in the number of annexin V-stained cells and an activation of caspase 3/7 (*Online Supplementary Figure S4*).

Taken together, our data indicate that the cytotoxic effects of crizotinib in ALK-expressing ALCL cells are restricted through an elevation of BCL2 levels. Indeed, we demonstrate that BCL2 downregulation in addition to crizotinib treatment potentiates crizotinib-induced loss in cell viability essentially through an increase in apoptotic cell death. Of note, similar results on cell viability and apoptosis were obtained using SU-DHL-1, another ALK-positive ALCL cell line (*Online Supplementary Figure S5*).

BCL2 downregulation enhances crizotinib-triggered autophagic flux
-----------------------------------------------------------------

Besides its role in apoptosis, BCL2 is also a known inhibitor of autophagy,^[@b19-1041428]--[@b22-1041428]^ a process that has been described to influence cell death mechanisms in many cancers following drug treatment.^[@b12-1041428],[@b15-1041428],[@b33-1041428]^ Since we recently showed that ALK inactivation induced autophagy endowed with pro-survival properties in ALK-positive ALCL cell lines,^[@b30-1041428]^ we investigated whether concomitant elevation of BCL2 could account for the cytoprotective function of the autophagic process in these conditions. To address this question, we generated a modified and clonal KARPAS-299 cell line stably transfected with a transgene encoding the LC3 protein (microtubule-associated protein 1 light chain 3), an early marker of autophagosomes, coupled to both RFP and EGFP (*Online Supplementary Methods and Online Supplementary Figure S6*). The expression of this tandem fluorescently-tagged LC3 reporter protein enabled flow cytometric quantification and confocal microscopy-based analysis of autophagic flux. In accordance with our previous study,^[@b30-1041428]^ we observed that crizotinib induced autophagic flux in a dose-dependent manner, as revealed by an increase in the percentage of cells that exhibited high RFP/EGFP fluorescence ratios ([Figure 3A](#f3-1041428){ref-type="fig"}). More importantly, and in keeping with the known function of BCL2 in autophagy downregulation,^[@b19-1041428]--[@b22-1041428]^ we found that BCL2 knockdown, using either siBCL2 ([Figure 3A and B](#f3-1041428){ref-type="fig"}) or miR-34a mimics ([Figure 3A and C](#f3-1041428){ref-type="fig"}), strongly increased the percentage of cells with high RFP/EGFP ratios, indicative of a higher autophagic flux, which was observed both in basal and crizotinib-treatment conditions. We confirmed these results by performing two other assays to monitor and quantify autophagic flux in the KARPAS-299 whole cell population (*Online Supplementary Figures S7-S9*), and in two other ALK-positive ALCL cell lines (*Online Supplementary Figure S10*). Altogether our results strongly indicate that BCL2 plays a key role in restraining both the basal- and crizotinib-induced autophagic flux in ALK-positive ALCL.

![BCL2 downregulation enhances crizotinib-triggered autophagic flux. (A) Flow cytometry analysis of autophagic flux following the knockdown of BCL2 and crizotinib treatment in KARPAS-299 cells expressing a tandem fluorescently-tagged LC3 reporter protein. mRFP-EGFP-LC3 KARPAS-299 cells (described in *Online Supplementary Methods*) were transfected with either negative controls (siCTL or miR-Neg) or with siBCL2 or miR-34a mimics. Twenty-four hours (h) later, transfected cells were treated or not with increasing doses of crizotinib (0 to 500 nM) for a further 48 h. Induction of autophagic flux was analyzed by monitoring the RFP/EGFP fluorescence ratio in individual cells. Cells were split into two groups based on their relative RFP/EGFP fluorescence ratios: cells with low/basal autophagic flux and cells with high/induced autophagic flux. A representative experiment is shown. (B and C) Histograms representing the percentage of cells with a RFP/EGFP ratio reflective of high autophagic flux, from n=5 (siBCL2) or n=3 (miR-34a mimics) independent experiments ± Standard Error of Mean; \**P*≤0.05; \*\**P*≤0.01; \*\*\**P*≤0.001; unpaired Student's *t*-test.](1041428.fig3){#f3-1041428}

Enhanced autophagic flux induced by BCL2 downregulation and crizotinib treatment is associated with impaired cell viability
---------------------------------------------------------------------------------------------------------------------------

To elucidate whether this substantial increase in autophagic flux upon combined crizotinib treatment and BCL2 downregulation could be involved in the increased loss of cell viability observed under the same conditions, we followed the survival of cells in which the autophagic machinery was impaired through the knockdown of ULK1, a key factor involved in the very early stages of the autophagy process.^[@b34-1041428]^ mRFP-EGFP-LC3 KARPAS-299 cells were transfected with siRNA directed against ULK1 mRNA (siULK1) and/or against BCL2 mRNA (siBCL2), in the presence or absence of crizotinib. ULK1 knockdown (validated by western blot analyses, *Online Supplementary Figure S11*) efficiently blocked the autophagy process, as revealed by a decrease in both yellow (reflecting autophagosomes) and red (reflecting autolysosomes) punctate staining ([Figure 4A](#f4-1041428){ref-type="fig"}). Flow cytometry monitoring of autophagic flux confirmed firstly that the blockade of BCL2 expression increased the number of cells exhibiting high autophagy in both untreated and crizotinib-treated cells ([Figure 4B and C](#f4-1041428){ref-type="fig"}), and secondly that ULK1 downregulation successfully blocked the autophagic machinery as it reduced basal autophagy levels and restrained the crizotinib-triggered autophagic flux observed in BCL2-knocked down cells (2-fold decrease). Most interestingly, MTS viability assays showed that the effects of BCL2 downregulation in further reducing cell viability in crizotinib-treated cells was completely reversed by the knockdown of ULK1 ([Figure 4D](#f4-1041428){ref-type="fig"}). These results strongly suggest that BCL2 downregulation following crizotinib treatment reinforced autophagic flux, which was deleterious for ALK-positive ALCL cells, and thereby led to a greater loss in viability under these conditions.

![Enhanced autophagic flux induced by BCL2 downregulation and crizotinib treatment is associated with impaired cell viability. Twenty-four hours (h) after ULK1 knockdown either alone or in combination with BCL2 knockdown, mRFP-EGFP-LC3 KARPAS-299 cells were treated or not with crizotinib (200nM) for a further 72 h. Representative data of (A) confocal microscopy and (B) flow cytometry analysis of autophagic flux are shown. (C) Histograms representing the percentage of cells with high autophagic flux from five independent experiments ± Standard Error of Mean (SEM); \**P*≤0.05; \*\**P*≤0.01; \*\*\**P*≤0.001; unpaired Student *t*-test. (D) Cell viability was assessed by MTS colorimetric measurements in the same experimental conditions. Data represent mean±SEM; n=3; \**P*≤0.05; \*\**P*≤0.01; unpaired Student *t*-test.](1041428.fig4){#f4-1041428}

To address the question of whether potentiation of the autophagic flux in our model was sufficient to trigger cell death, we next performed experiments with a combination of crizotinib and rapamycin, a well-known mTOR inhibitor and strong inducer of autophagy, namely in ALK-positive tumor cells.^[@b35-1041428],[@b36-1041428]^ We first confirmed that rapamycin alone (100 nM) did induce autophagy in KARPAS-299 cells as 60% and 75% of cells harbored a high autophagic flux following 24 h and 48 h of treatment, respectively ([Figure 5A](#f5-1041428){ref-type="fig"}). We then observed that combining crizotinib and rapamycin treatments resulted in a clear potentiation of the autophagic flux, with more pronounced effects obtained with the lowest dose of crizotinib used in our assays (125 nM). We also found that this potentiation of the autophagic flux was associated with a decrease in cell viability, as measured by MTS colorimetric assays ([Figure 5B](#f5-1041428){ref-type="fig"}), an effect that was more pronounced after 48 h and 72 h of treatment. However, Annexin-V/PI staining revealed no significant differences in the number of cells undergoing apoptotic cell death when comparing crizotinib treatment alone with crizotinib and rapamycin combined treatment, independently of the dose of crizotinib used and the duration of the treatment ([Figure 5C](#f5-1041428){ref-type="fig"}). Altogether these results indicate that excessive autophagy upon crizotinib and rapamycin co-treatment contributes to cell death independently of apoptosis.

![Enhanced autophagic flux induced by rapamycin and crizotinib co-treatment is associated with impaired viability but does not rely on an increase in apoptotic cell death. KARPAS-299 cells were co-treated or not with crizotinib (125 or 500 nM) and rapamycin (100 nM) for 24, 48 and 72 hours (h). (A) Histogram representation of the percentage of cells with high autophagic flux after 24 h (left) or 48 h (right) of treatment with crizotinib and/or rapamycin. Data represent mean±Standard Error of Mean (SEM); n=5. \*\**P*≤0.01; \*\*\**P*≤0.001; \*\*\*\**P*≤0.0001, unpaired Student *t*-test. (B) Cell viability was assessed by MTS colorimetric measurements after 24, 48 and 72 h of treatment. Data represent mean±SEM; n=3. (C) Flow cytometry analysis of annexin V-positive KARPAS-299 cells treated as described above. Graphs represent the percentage of annexin V-positive cells from five independent experiments ± SEM. ns: not significant; \*\**P*≤0.01; \*\*\**P*≤0.001; unpaired Student *t*-test.](1041428.fig5){#f5-1041428}

MiR-34a-mediated BCL2 downregulation potentiates the antitumoral effects of crizotinib in NOD/SCID mice xenografted with ALK-positive anaplastic large cell lymphoma cells
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Finally, we explored whether the combination of BCL2 downregulation and crizotinib treatment would have a significant therapeutic benefit *in vivo*. To address this question, NOD/SCID mice were xenografted with KARPAS-299 cells that were either transfected with miR-Neg or miR-34a mimics. Crizotinib was administered orally for 22 days, during which time tumor growth was monitored ([Figure 6A](#f6-1041428){ref-type="fig"}). On the day of sacrifice, tumors were weighed ([Figure 6B](#f6-1041428){ref-type="fig"}) and samples were retrieved for immunohistochemistry (IHC) analysis ([Figure 6C](#f6-1041428){ref-type="fig"}).

![miR-34-mediated BCL2 downregulation potentiates the antitumoral effects of crizotinib *in vivo*. (A) ALK-positive KARPAS-299 cells, transfected with either a negative control microRNA (miR-Neg) or miR-34a mimics (miR-34a), were injected subcutaneously into the left or right flank of 16 NOD/SCID mice, respectively. Eight of these mice received oral crizotinib (2.5 mg/kg) for 22 days, while the remaining eight received vehicle. Tumor volume was evaluated over time by caliper measurements and was reported as means±Standard Error of Mean (SEM). Statistical analysis was performed by two-way ANOVA with Bonferroni correction; \*\*\*\**P*≤0.0001. (B) Representative tumors resected from mice xenografted with miR-Neg or miR-34a cells that received either vehicle or crizotinib treatment (scale in cm). Their weights are indicated (mg). (C) Micrographs showing Hematoxylin & Eosin (HE), anti-LC3B and anti-P62 stainings of excised miR-Neg or miR-34a tumors that in addition received either vehicle or crizotinib treatment (scale bars: 20 μm, inset HE staining 5000 μm). Arrows indicate cells with phenotypic hallmarks of nuclear piknosis and general cellular fragility.](1041428.fig6){#f6-1041428}

In accordance with the data collected *in vitro*, we observed that mice xenografted with miR-34a-transfected cells developed significantly smaller tumors than those xenografted with miR-Neg-transfected cells in the presence of crizotinib ([Figure 6A and B](#f6-1041428){ref-type="fig"}). As seen in our *in vitro* viability assays, miR-34a-mediated BCL2 knockdown alone impaired tumor growth, albeit to a lesser extent than with the miR-34a/crizotinib combination. Hematoxylin & Eosin (HE) staining performed on samples excised from tumors treated with the miR-34a/crizotinib combination also exhibited hallmarks of higher cell fragility ([Figure 6C](#f6-1041428){ref-type="fig"}). To confirm our *in vitro* findings showing higher levels and deleterious effects of autophagy in KARPAS-299 cells under miR-34a/crizotinib combination, we looked at *in vivo* autophagy activity by performing LC3B and p62 IHC analyses in tissues from the tumor xenografts ([Figure 6C](#f6-1041428){ref-type="fig"} and *Online Supplementary Figure S12*), as previously reported.^[@b37-1041428],[@b38-1041428]^ We observed that dot-like patterns of both LC3B and p62 staining increased strongly and significantly in cells that received the combined miR-34a/crizotinib treatment in comparison with the single treatment. These results are consistent with increased autophagy activity.

Discussion
==========

Our study is the first to report that the expression of ALK and BCL2, two major oncogenes, are inversely correlated in ALK-positive ALCL through an ALK-dependent BCL2 repression mechanism. Indeed, we demonstrated that BCL2 levels increased following either the pharmacological inhibition (crizotinib treatment) or the siRNA-targeted knockdown of ALK (siALK transfection) in ALK-positive ALCL cells. These data are consistent with and complete previous studies reporting a lack of BCL2 protein expression in primary tissue samples of ALK-positive ALCL^[@b31-1041428],[@b32-1041428]^ and low mRNA levels in the ALK-positive ALCL cell line, KARPAS-299.^[@b39-1041428]^ This observation in a cancerous environment seems paradoxical but is balanced by the fact that these tumor cells over-express MCL1, through a molecular mechanism that involves miR-29a.^[@b32-1041428],[@b39-1041428],[@b40-1041428]^ In the present study, to rule out a potential compensation of BCL2 downregulation by BCL2 isoforms in crizotinib-treated cells, we checked the expression of MCL1, BCL-XL/S and BCL-W and did not find any significant variations in the levels of all of these isoforms when comparing crizotinib-treated siCTL- to siBCL2-transfected cells (*data not shown*). We then demonstrated that increased BCL2 levels limit the cytotoxic effects of crizotinib. To do so, we used two molecular approaches to target BCL2: i) a specific BCL2 siRNA; and ii) miR-34a mimics, which have been reported to reduce cell viability and induce apoptosis through efficient BCL2 downregulation.^[@b41-1041428],[@b42-1041428]^ We found that miR-34a mimics potentiated crizotinib cytotoxicity more efficiently than siBCL2, an effect that could be attributed to the versatile role of miR-34a in regulating the expression of myriads of targets that include not only proteins involved in apoptosis, such as BCL2, but also proteins controlling cell cycle and other processes that are necessary for cell viability.^[@b26-1041428],[@b28-1041428]^ The broad anti-oncogenic activity of miR-34a is nowadays considered to be a clear advantage for the treatment of multi-genic diseases such as cancer and justifies the development of miR-34a mimics delivery-based strategies to combat cancer cells.^[@b27-1041428],[@b43-1041428],[@b44-1041428]^ MRX34, a liposome-based miR-34a mimic is the first miRNA mimic to be used in clinical studies and has already been evaluated in phase I clinical trials in patients with advanced solid tumors.^[@b45-1041428]^ The combination of miR-34a mimics with other anti-cancer agents could thus represent a novel way to counteract therapeutic failure. In addition, we carried out experiments with the BH3-mimetic venetoclax. We treated KARPAS-299 ALCL cells with venetoclax concentrations (from 10nM to 25μM), which were described by Souers *et al*. for cells with high and low levels of BCL2, respectively.^[@b23-1041428]^ We found low concentrations of venetoclax to have no impact either on cell viability or autophagy. Conversely, high doses were found to be highly toxic, even in the absence of crizotinib, a result most likely attributable to off-target effects (*data not shown*). Thus, in accordance with literature highlighting the efficiency of this compound in the treatment of tumors harboring high expression of BCL2 but its uncommon use in lymphoma, we found that the pharmacological inhibition of BCL2 with venetoclax in KARPAS-299 ALK positive cells did not recapitulate the effects of BCL2 targeted downregulation, a result that should stimulate further investigation.

Our team previously demonstrated that treatment of ALK-positive ALCL cells with crizotinib induces an autophagic flux endowed with pro-survival properties.^[@b30-1041428]^ In the present study, we further demonstrated that crizotinib-induced autophagy was associated with an upregulation of BCL2, which limits the cytotoxic effects of the drug. Indeed, BCL2 knockdown combined to crizotinib treatment led to a profound loss of cell viability that was found to be due to an increase in apoptosis. This did not, however, exclude the occurrence of another type of cell death. Indeed, in addition, our data showed that crizotinib/BCL2 knockdown treatments also led to a significant potentiation of autophagic flux ([Figure 7](#f7-1041428){ref-type="fig"}). Several lines of evidence clearly indicate that autophagy is a multifaceted regulator of cell death.^[@b12-1041428]--[@b14-1041428]^ However, controversy remains as to whether autophagy directly executes cell death or how it interferes with other forms of death, including apoptosis and necrosis/necroptosis.^[@b15-1041428]^ In the present study, the contribution of excessive autophagy in the process of cell death was first evidenced by the fact that impairing the autophagic machinery (by the molecular targeting of ULK1) resulted in a complete reversal of the potent loss of cell viability in BCL2-knocked down cells. Secondly, our *in vivo* data further revealed LC3B and p62 stainings consistent with increased autophagy activity in tumor tissues harvested from ALK-positive ALCL cells xenografted mice submitted to crizotinib and miR34a-mediated BCL2 knockdown, which was associated with a remarkable impairment in subcutaneous tumor development. Finally, we used a combination of rapamycin and crizotinib to induce an overactivation of autophagy, which did not rely on BCL2 downregulation. We found that enhanced autophagic flux correlated with impaired cell viability but occurred independently of apoptosis, suggesting the involvement of another cell death modality. Autophagy has, indeed, been shown to provide a scaffold for the necroptotic machinery^[@b46-1041428]^ and also to determine the means of cell death by serving as a switch between apoptosis and necroptosis.^[@b47-1041428]^

![Proposed model of the combined ALK and BCL2 inhibitions on the fate of ALK-positive anaplastic large cell lymphoma (ALCL) cells. (A) An ALK-dependent BCL2 repression mechanism is at work In ALK-positive ALCL cells. (B) Strategies based on the inhibition of ALK activity, such as crizotinib treatment, impair this repression mechanism. This leads to an increase in BCL2 levels that, in turn, limits both cell death and autophagy induction. (C) Blocking crizotinib-induced BCL2 elevation results in a potentiation of the cytotoxic effects of the drug, through both overactivation of autophagic flux and an increase in cell death (including apoptosis and, potentially, other cell death modalities).](1041428.fig7){#f7-1041428}

Further investigations are currently under way to decipher whether excessive autophagy and promotion of cell death upon ALK and BCL2 downregulation in ALK-positive ALCL involve the activation of convergent and interlinked cell death pathways, including autophagy, apoptosis and necroptosis. Either way, our results provide strong evidence for a massive reduction in tumor cell viability following combined ALK and BCL2 inactivation in ALK-positive ALCL, demonstrating that the molecular targeting of BCL2 could widen the therapeutic options for these patients and potentially improve their outcome by reducing the options for cancer cell escape routes.
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